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Abstract. With two structural steels (the steels 50 and 09G2S) as examples, the paper studies the effectiveness of a new 
method of ultrasonic impact-frictional treatment (UIFT) for the hardening and nanostructuring of the surface layer with 
the variation of the tilt angle of the vibrating indenter and the treatment environment. It is demonstrated that treatment 
with tool tilt angles different from 90° and with the absence of a contact liquid results in the formation of a 
nanostructured surface layer with increased microhardness. 
INTRODUCTION 
Methods of intensive surface plastic deformation are currently being actively developed to provide hardening of 
metals and alloys due to the formation of submicro- and nanocrystalline structures in their surface layer. Such 
promising methods for surface nanostructuring of metal materials as frictional treatment by a sliding indenter [1, 2] 
and ultrasonic treatment with a vibrating tool [3-5] have a high potential of practical applications. The most 
important factors of effective nanostructuring and strain hardening of a surface layer are as follows: 1) normal load 
sufficient for the formation a new rough surface, as well as multiplicity of the deformation effect for the 
accumulation of strain [6, 7]; 2) inhomogeneous shear deformation with a sharp gradient [8]; 3) a high friction 
coefficient to enhance shear deformation [9, 10]; 4) noncorrosive environment to prevent embrittlement by 
atmospheric oxygen followed by the failure of the diffusely active nanostructured layer [11]. These factors govern 
the conditions for the implementation of the rotational mechanism of plastic deformation, which is responsible for 
the nanostructuring of metallic materials. 
A new method for surface nanostructuring and hardening – ultrasonic impact-frictional treatment (UIFT) [12] 
has been devised on the basis of the above-mentioned approaches. The method develops the well-known strain-
hardening technique – standard ultrasonic impact treatment (UIT), which is generally performed with lubrication 
and the action of an indenter vibrating with ultrasonic frequency f along the normal to the surface being treated 
(Fig. 1a). As distinct from UIT, UIFT is performed, firstly, by an oblique impact of a pulsing indenter (at an angle 
less than 90° to the surface under treatment), Fig. 1b, c. This makes it possible to enhance the friction component of 
the indenter-metal interaction and, accordingly, to increase the shear component of plastic strain. Secondly, it is 
suggested that UIFT should be performed without contact liquid in order to provide a higher strain of the surface 
layer due to an increased friction coefficient (friction force) and with the use of a protective gas environment 
preventing oxygen embrittlement of a fine-grained surface layer. This increases the hardening and thickness of the 
hardened layer. The aim of the paper is to study the regularities in the hardening of the structural steels 50 and 
09G2S undergoing UIFT at different tool tilt angles and in different environments. 
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FIGURE 1. Schemes of standard UIT (a) and UIFT of cylindrical (b) and flat (c) surfaces: 1 – tool (indenter); 2 – waveguide; 
3 – magnetostrictive or piezoelectric transducer; 4 – part or specimen; 5 – tube for protective gas feeding 
EXPERIMENTAL PROCEDURE 
Samples of the structural steels 50 (0.51% С) and 09G2S (0.12% С; 1.12% Mn; 0.72% Si) were studied. 
Specimens sized 70×40×5 mm were cut out from the steels and subjected to heat treatment (steel 50), mechanical 
grinding, electrolytic polishing and ultrasonic treatments. Heat treatment of the 50 steel consisted in quenching 
followed by tempering at 350 °С; the 09G2S steel was used as received, with a ferrite-pearlite structure. Ultrasonic 
treatment was performed on an Il-4/1-2 device equipped with a magnetostrictive transducer with an exponential 
acoustic transformer and a numerically controlled coordinate table. The flat surfaces of the specimens were treated 
by scanning (with a transverse displacement) with a spherically ground hard-alloy indenter, with a radius of 4 mm, 
preliminarily forced with the static load Р = 100 N (for the 50 steel) and Р = 170 N (for 09G2S) against the surface 
to be treated, at the ultrasonic vibration frequency f = 21.5 kHz. The I-30 Industrial oil, air and argon were used as a 
lubricant-cooling process medium. The treatment was performed both along the normal (α = 90°) to the steel surface 
(UIT) and at the angles α = 80-55° to the surface (UIFT). The average velocity of the vibrating indenter was 
V = 36 and 10 mm/s for the 50 and 09G2S steels, respectively. The step of the transverse displacement of the 
scanning indenter was d = 0.1 and 0.2 mm for the 50 and 09G2S steels, respectively. Microhardness was determined 
on a Shimadzu HMV-G21DT microhardness tester under a load of 0.245 N on the Vickers indenter. The 
microstructure was examined by scanning electron microscopy (SEM) on a Tescan Vega II XMU microscope and 
by transmission electron microscopy (TEM) on a JEM-200CX microscope, with mechanical and electrolytic 
thinning of the workpieces (foils). 
RESULTS AND DISCUSSION 
Figure 2 shows the initial coarse-grained microstructure of the medium-carbon 50 steel quenched and tempered 
at 350 °С (a), as well as the general view (b) and microstructure of the surface layer (b-f) hardened by UIFT in air at 
α = 70°. The total thickness of the deformed layer h is seen to be ~25 µm (Fig. 2b), and in the ~5-7 µm thick surface 
layer there appears a predominantly nanocrystalline structure (Fig. 2c). Electron diffraction (Fig. 3d), besides α-
phase reflections in the form of rings formed by reflections from numerous nanocrystallites sized below 100 nm 
(Fig. 2e), shows separate Fe3C reflections. This indicates an incomplete strain-induced dissolution of cementite, 
which remains intact in the structure in the form of nanoparticles (Fig. 2f). 
Figure 3 presents the microhardness of the 50 steel surface after standard UIT in oil along the normal to the 
surface (α = 90°) and after UIFT in air and in argon at different tool tilt angles α. It is obvious that the lowest 
hardening (below 560 HV0.025) is observed for standard UIT in oil at α = 90°. When UIFT is performed in gas 
environments, a decrease in the angle α leads to an increase in the microhardness of the steel surface, with a 
maximum microhardness of 1020 HV0.025 being reached after treatment with a hard-alloy indenter in argon at 
α = 70°. Under UIFT in air, the highest microhardness 960 HV0.025 is reached at α = 60°. The further decrease of α 
to 55° causes a certain decrease in the microhardness of the hardened surface (to 850 and 900 HV0.025 after UIFT 
in air and in argon, respectively) (Fig. 3), which results from excessive strain-hardening of the surface layer and the 
appearance of damages weakening the metal. 
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FIGURE 2. The structure of the 50 steel in the initial state 
(quenching + tempering at 350 °С) (а) and the structure of the 
surface layer after UIFT in air at α = 70° (b-f): a, c – bright-
field images, d – electron diffraction, e, f – dark-field images in 





The initial microstructure of the as-received 
low-carbon 09G2S steel is represented by ferrite 
grains (Fig. 4а) and sparse pearlitic colonies 
(Fig. 4b). After ultrasonic treatment in oil, even at 
α = 70° there is only fragmentation of separate 
ferrite grains (Fig. 4c) and cementite plates in the 
pearlite colonies (Fig. 4d), with the electron 
diffractions consisting of separate reflections. This 
is due to the lower friction coefficient when there is 
a lubricant in the tool-surface contact zone. As a 
result, the friction component of the tool-metal 
interaction decreases, and hence so does the shear 
component of plastic strain. Therefore, there is no 
any noticeable steel surface hardening. 
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FIGURE 4. The structure (TEM) of the 09G2S steel in the initial state (a, b) and after ultrasonic treatment in oil at α = 70° (c, d): 
а, c – ferrite grains; b, d – pearlite colonies; bright-field images 
 
As distinct from treatment in oil, UIFT increases the microhardness of the 09G2S steel surface considerably (to 
415 HV0.025 for UIFT in argon) (Fig. 5). As the distance from the surface increases, the total level of 
microhardness decreases, the sharpest decrease being observed in a 20 µm thick layer; then, down to a depth of 
 
FIGURE 3. Effect of the tool tilt angle α and the ultrasonic 
treatment environment on the microhardness of the 50 steel surface 
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100 µm, the microhardness remains at the level of 315 HV0.025 and then smoothly decreases to the initial level of 
250 HV0.025 at a depth of ~170 µm. 
 
The increase of the microhardness of the 09G2S 
steel surface under UIFT in air, as well as under 
UIFT in argon, is attributed to the formation of 
heavily dispersed structures (Fig. 6a, b) in the thin 
surface layer, with the size of many crystals ranging 
from several nanometers to 100 nm, as follows from 
the analysis of the dark-field image of the structure 
in Fig. 6c. The form of the micro-electron 
diffraction pattern in Fig. 6d (almost continuous 
Debye rings) and the presence of separate 
crystallites in the dark-field image (Fig. 6с) indicate 
a severe (large-angle) misorientation of separate 
crystals. This enables us to classify the structures 
that have formed under UIFT as nanocrystalline. 
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FIGURE 6. The structure of the 09G2S steel surface layer after UIFT in air at α = 75° (a) and in argon at α = 80° (b-d): 
a, b – bright-field images; c – a dark-field image in the (110)α reflection; d – electron diffraction (TEM) 
CONCLUSIONS 
A new technology of ultrasonic impact-frictional treatment (UIFT) [12] has been proposed, which is effected by 
an oblique impact of a pulsing indenter without lubrication, as distinct from the standard ultrasonic impact treatment 
(UIT) performed in oil with an indenter acting along the normal (at an angle of 90°) to the surface being treated. It 
has been demonstrated that UIFT with the use of a spherically ground hard-alloy indenter in an argon environment 
and in air at a tool tilt angle of 80-55° to the surface provides a much greater increase in the microhardness of the 
surface layer of the 50 (to 1020 HV0.025) and 09G2S (to 415 HV0.025) structural steels as compared to standard 
UIT. The electron microscopic examination has revealed the formation of a nanostructured layer on the surface of 
the steels under UIFT, this being the most important reason for the effective hardening of the steel surface processed 
by UIFT. 
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FIGURE 5. The behavior of microhardness HV0.025 as a function 
of the distance from the surface h of the 09G2S steel specimen 
after UIFT in argon at α = 80° 
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